The internal channels of semiconducting single-walled carbon nanotubes (SWCNTs) were filled with silver chloride. The filling was confirmed by high-resolution scanning transmission electron microscopy. The filling-induced modifications of Raman modes of SWCNTs were analyzed. The fitting of the radial breathing mode (RBM) and G-bands of Raman spectra of the pristine and filled nanotubes with individual components allowed analyzing in detail the influence of encapsulated silver chloride on the electronic properties of different diameter nanotubes. The analysis of the RBM-band allowed revealing the changes in resonance excitation conditions of SWCNTs upon filling. The analysis of the G-band allowed concluding about p-doping of nanotubes by incorporated silver chloride accompanied by charge transfer from nanotubes to the inserted salt.
Introduction
The unique physical, chemical, and mechanical properties of single-walled carbon nanotubes (SWCNTs) made them an object of investigation in fundamental and applied science. The properties of SWCNTs depend solely on their atomic structure [1] . As-synthesized nanotubes represent a mixture of SWCNTs with metallic and semiconducting conductivity type, which limits their applications [2] . To control the properties of synthesized SWCNTs, two methods were established: (i) separation of nanotubes and (ii) chemical functionalization of SWCNTs [3] .
The separation techniques allow obtaining high-purity SWCNTs with defined conductivity type, diameter, and even chiral angle [4] . Chemical functionalization methods allow modification of the electronic properties of SWCNTs. Among chemical functionalization methods, the filling of SWCNT channels was shown to be an effective way to obtain nanotubes with the required properties [3] . It was demonstrated that the filling of SWCNTs with simple elemental substances [5] [6] [7] , chemical compounds [8] [9] [10] [11] [12] [13] [14] , and molecules [15] [16] [17] [18] [19] allows tailoring the electronic properties of nanotubes by varying the doping type and level [3] .
Raman spectroscopy is a powerful technique for the investigation of the electronic properties of carbon nanotubes [20, 21] . The analysis of the radial breathing mode (RBM) allows determining the diameter distribution of nanotubes, whereas the analysis of the G-band allows revealing doping and hybridization effects. There are reports on the investigation of the filled SWCNTs by Raman spectroscopy [22] [23] [24] . However, all of them deal with mixed nanotube samples containing SWCNTs with metallic and semiconducting conductivity type. Moreover, these works used only few laser wavelengths, which makes it difficult to assess filling-induced changes in Raman modes of different nanotubes. There are no reports in the literature on a detailed investigation of modifications of Raman spectra of highly pure metallicitysorted SWCNTs upon filling. However, such an investigation is required for a comprehensive understanding of influence of filler materials on the electronic properties of SWCNTs.
These data are needed to assess the application potential of filled nanotubes in nanoelectronics.
In this contribution, we close this gap by performing a detailed study of filling-induced alteration of Raman modes of high-purity semiconducting SWCNTs upon filling with silver chloride (AgCl). The filling of nanotube channels is confirmed by high-resolution scanning transmission electron microscopy (HR STEM). The filled SWCNTs are investigated by multifrequency Raman spectroscopy at five laser wavelengths. Using different laser wavelengths allows exciting electronic transitions of different semiconducting nanotubes and investigating the influence of incorporated silver chloride on their electronic properties. The fitting of the RBM and G-bands of Raman spectra of the pristine and filled SWCNTs allows comparing peak positions and relative intensities of individual components and concluding about changes in resonance conditions and the electronic properties of SWCNTs upon filling. It is found that the inserted silver chloride causes p-doping of host nanotubes accompanied by charge transfer from nanotubes to the salt.
Materials and Methods
Semiconducting SWCNTs were obtained by density gradient ultracentrifugation of mixed SWCNT sample with a mean diameter of 1.4 nm produced by the arc-discharge method (ArcSO type, Meijo Nano Carbon Co.). The procedure of the separation of SWCNTs by conductivity type was described in [25, 26] . Briefly, the dispersion of SWCNTs in 2% solution of deoxycholate sodium salt (DOC, Tokyo Chemical Industry Co.) was prepared using a digital sonifier. The solution of SWCNTs and five mixtures of 2% sodium dodecyl sulfate (SDS, Aldrich) solution with 27.5, 30, 32.5, 35, and 40 wt% iodixanol (COSMO BIO Co.) solutions were put layer by layer into a centrifuge tube (Hitachi Koki Co.) in order to form the density gradient. After ultracentrifugation of the tube, semiconducting SWCNTs were extracted from its bottom part. The cleaning of SWCNTs from the surfactants and gradient media was performed through repetition of washing procedures using methanol, hot water, and toluene, as described in [25] . Films of purified semiconducting nanotubes were obtained. The high purity and quality of these samples were confirmed in [26] .
Prior to filling, the films of semiconducting SWCNTs were annealed in air at 500°C for 15 min in order to open the nanotube ends. After that, the SWCNTs and silver chloride were placed in a quartz ampoule and sealed. The ampoule was heated in the tube furnace up to a temperature of 555°C and kept at this temperature for 6 hours. The ampoule was slowly then cooled to room temperature with a rate of 0.05-1.5°C/min.
The HR STEM imaging was conducted with a Nion UltraSTEM 100 microscope at an accelerating voltage of 60 kV. The samples were prepared by drop casting of the solution of filled SWCNTs in isopropanol on carbon-coated copper grids. The Raman spectroscopy measurements were conducted at a Horiba Jobin Yvon LabRAM HR800 spectrometer equipped with an external tunable ArKr laser (Coherent Innova 70c) allowing excitation wavelengths of 458, 488, 514, 531, and 568 nm or 2.71, 2.54, 2.41, 2.34, and 2.18 eV, respectively. The RBM-and G-bands of Raman spectra were fitted with Voigtian and Fano peaks, and area intensities were calculated in PeakFit v4.12. The accuracy in peak positions is ±2 cm −1 . Figure 1 presents the HR STEM micrograph of AgCl-filled SWCNTs. It reveals contrast elements inside the nanotube channels, which corresponds to individual atoms of the encapsulated compound. It proves the successful filling of SWCNTs with silver chloride. The distances between atoms in the directions which are parallel and perpendicular to the nanotube axis amount to 0.43 and 0.52 nm, respectively. The latter fits to the lattice parameter of bulk AgCl (a = 0.546 nm, NaCl structure, Fm3m space group) [27] . The Raman spectrum of SWCNTs includes four main features: (i) the radial breathing mode (RBM), which corresponds to radial vibrations of carbon atoms, (ii) the D-band, which is related to a symmetry forbidden zone boundary inplane mode of graphene sheets that is enabled by structural defects and disordering, (iii) the G-band, which corresponds to longitudinal and tangential vibrations of carbon atoms, and (iv) the 2D-band, which is related to symmetry allowed overtone of the D-line [20] . Figure 2 shows the RBM, D, G, and 2D-bands of Raman spectra of the pristine and AgCl-filled SWCNTs acquired at laser wavelengths of 458-568 nm. The peaks of the RBMband are positioned at frequencies ranging between 150 and 190 cm Journal of Spectroscopy Different lasers excite different electronic transitions in SWCNTs. Figure 3 (a) shows the Kataura plot that relates the RBM frequency and optical transition energy of SWCNTs [28] , where the laser wavelengths used for Raman spectroscopy and mean diameter of SWCNTs are denoted. As followed from the Kataura plot, the lasers with wavelengths of 458-568 nm excite the electronic transitions between the third and fourth van Hove singularities in valence band and conduction band of 1.4 nm mean diameter semiconducting SWCNTs.
Results and Discussion
To analyze the filling-induced alteration of the RBMband of SWCNTs, it was fitted with individual components. It is known that the position of peaks in the RBM-band of SWCNTs (ω RBM ) is inversely proportional to the nanotube diameter (d t ) by the equation
where C = 0.05786 nm −2 [29] . Thus, the fitting of the RBMband allows analyzing the diameter distribution of nanotubes in the sample. Table 1 summarizes the results of the fitting of the RBM-band of the pristine and filled SWCNTs (positions of peak and their relative area intensities) together with nanotube diameters calculated using (1) .
The RBM-band of Raman spectrum of the pristine SWCNTs obtained with 458 nm laser includes two peaks at 171 and 178 cm , which correspond to nanotubes with diameters of 1.4, 1.3, and 1.2 nm, accordingly (Figure 3(b) ). In the spectra of both samples, the most intense component of the RBMband is positioned at 177-178 cm −1 . The RBM-band of Raman spectrum of the pristine SWCNTs obtained at laser wavelength of 488 nm includes two peaks at 169 and 184 cm , which correspond to nanotubes with diameters of 1.5, 1.4, 1.3, and 1.2 nm, accordingly (Figure 3(c) ). Therefore, the spectrum of the filled SWCNTs demonstrates the appearance of new peaks of larger and smaller diameter nanotubes.
At laser wavelength of 514 nm, the RBM-band of the pristine SWCNTs includes five peaks at 157, 168, 178, 184, and 189 cm −1 , which are assigned to nanotubes with diameters , which belong to 1.3-1.6 nm diameter SWCNTs (Figure 3(d) ). The three last peaks are the same as in the spectrum of the pristine nanotubes. However, their relative intensity is changed. For the pristine SWCNTs, the peak at 178 cm −1 had the largest intensity, whereas for the filled SWCNTs, the peak at 184 cm −1 has the maximal intensity. At laser wavelength of 531 nm, the spectrum of the pristine SWCNTs includes five peaks at 159, 172, 178, 185, and 191 cm −1 , which correspond to nanotubes with diameters of 1.5, 1.4, 1.3, and 1.2 nm. All these peaks excluding the last one are present in the spectrum of the filled SWCNTs (Figure 3(e) ). However, their relative intensities are altered. In the spectrum of the pristine nanotubes, the peaks at 172 and 178 cm −1 had the maximal intensity, whereas in the spectrum of the filled SWCNTs, the peak at 187 cm −1 has the largest intensity. At laser wavelength of 568 nm, the RBM-band of the pristine SWCNTs includes three peaks at 161, 168, and 176 cm −1 , which are assigned to nanotubes with diameters of 1.5 and 1.4 nm. The spectrum of the filled SWCNTs includes fours peaks at 156, 167, 175, and 186 cm −1 , which belong to nanotubes with diameters of 1.6, 1.4, and 1.3 nm (Figure 3(f) ). In the spectrum of the pristine SWCNTs, the peak at 176 cm −1 has the largest intensity, whereas in the case of the filled SWCNTs, the peaks at 167 and 175 cm −1 have the maximal intensity.
The above-described changes in the RBM-band of the filled SWCNTs as compared to the pristine SWCNTs that include changes in peak intensities and appearance of new peaks testify to filling-induced alteration of resonance excitation conditions of nanotubes. They are possibly a result of charge transfer in the filled nanotubes that causes exciting optical transitions in smaller or larger diameter nanotubes using the laser with the same wavelength. In the literature, there are no reports on a detailed analysis and comparison of the RBM-band of Raman spectra of the pristine semiconducting SWCNTs and filled nanotubes acquired with multifrequency Raman spectroscopy. In [24] , the Raman spectra of 1.4 nm diameter metallicity-mixed SWCNTs filled with silver halogenides were acquired at three laser wavelengths (514, 633, and 785 nm). According to the Kataura plot [28] , only one of these wavelengths (514 nm) is suited for measurements of semiconducting SWCNTs. However, it was shown that the RBM-band of Raman spectra obtained at this laser wavelength stayed unchanged upon filling. In contrast, in the present work, we used 5 laser wavelengths to excite selectively semiconducting SWCNTs and observed the alteration of the RBM-bands of the filled SWCNTs. Thus, using multifrequency Raman spectroscopy allowed firstly Journal of Spectroscopy detecting the charge transfer-induced changes in resonance conditions of 1.2-1.6 nm diameter semiconducting SWCNTs upon their filling. Now we turn to the analysis of the G-band of Raman spectra of the pristine and AgCl-filled SWCNTs acquired at laser wavelengths of 458-568 nm. Figure 4 shows the Gbands fitted with three individual components G E2g , G TO , and G LO . The components G LO and G TO stem from longitudinal optical (LO) and transversal optical (TO) phonons, respectively [30] . The component G E2g appears due to the resonant E 2g mode in semiconducting SWCNTs [20] . Table 2 summarizes the results of the fitting of the G-band of the pristine and filled SWCNTs.
The G-band of Raman spectra of the pristine SWCNTs acquired at laser wavelength of 458 nm includes three components at 1556, 1569, and 1596 cm −1 . In the spectrum of the filled SWCNTs, the components are upshifted by 2-6 cm −1 and positioned at 1558, 1574, and 1602 cm −1 . Their relative intensities stay unchanged upon filling (Figure 4(a) ). The same trends (an upshift and unchanged relative intensity of components) are observed in the G-band of Raman spectra of filled nanotubes obtained at other laser wavelengths (Figures 4(b)-4(e) ). It should be noted that the G-band of Raman spectra of the filled SWCNTs acquired at all laser wavelengths has a narrow Lorentzian shape, which is a characteristic of semiconducting SWCNTs [20] . The semiconducting profile of the G-band of the filled nanotubes testifies that SWCNTs remain in a semiconducting state upon filling.
To compare the shifts of the components of the G-band of Raman spectra obtained with different lasers, they were plotted versus laser energy in Figure 4 (f). It is visible that the shifts of the G LO component in the spectra obtained with different lasers amount to 5-10 cm . These data show that the shifts of the G LO and G TO components are independent on used laser energy. The shift of the G E2g component ranges from −4 to 2 cm −1 at different laser energies. The shifts of the components of the G-band may testify to doping-induced charge transfer in the filled SWCNTs.
Indeed, a similar upshift of the G LO and G TO components was observed for SWCNTs filled with metal halogenides and chalcogenides in [22] [23] [24] . This shift was generally attributed to p-doping of SWCNTs by encapsulated compounds. In particular, in [24] , the upshift of the G-band of Raman spectra of metallicity-mixed SWCNTs filled with silver halogenides acquired at three laser wavelengths of 514, 633, and 785 nm was assigned to acceptor behavior of the compounds with the corresponding charge transfer from SWCNTs to the inserted salts. However, in this work, the detailed analysis of the G-bands of Raman spectra was not conducted. Moreover, in the present work, we use more laser wavelengths that excite selectively semiconducting SWCNTs that allows us to trace changes in the electronic properties of different semiconducting SWCNTs. We firstly investigate the dependence of shifts of the components of the G-band on laser wavelength. The obtained information about the modified electronic properties of filled purely semiconducting SWCNTs is important for their applications in nanoelectronics.
While the RBM-and G-bands of Raman spectra are significantly modified upon filling of SWCNTs with AgCl, as it was discussed above, the D and 2D-bands are not affected by filling. The D and 2D-bands of Raman spectra of the pristine and filled SWCNTs demonstrate shifts of the peak positions toward lower frequencies with increasing laser wavelengths (Figure 2 ). and 85 ± 7 cm −1 eV −1 for SWCNTs, as well as 45 ± 3 cm
eV −1 and 65 ± 2 cm −1 eV −1 for AgCl-filled SWCNTs. This testifies to high purity and quality of the pristine and filled nanotube samples.
Conclusions
In the present work, we filled the channels of semiconducting SWCNTs with silver chloride. The filling was confirmed by 7 Journal of Spectroscopy HR STEM. The filling-induced modifications of Raman modes of SWCNTs were analyzed using five different laser wavelengths. The fitting of the RBM and G-bands of Raman spectra of the pristine and filled nanotubes with individual components allowed analyzing in detail the influence of encapsulated silver chloride on the electronic properties of different diameter nanotubes. The analysis of the RBMband allowed revealing the alteration of relative intensities of the individual components as well as the appearance of new peaks of smaller and larger diameter nanotubes. This was caused by changes in resonance excitation conditions of SWCNTs upon filling. The analysis of the G-band allowed revealing significant shifts of components and no changes in the component intensities, that is, keeping a semiconducting profile of the band. This was attributed to p-doping of nanotubes by incorporated silver chloride accompanied by charge transfer from nanotubes to the inserted salt.
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